This study provides a preliminary contribution to the development of an industrial process for the UV/TiO 2 water treatment by introducing a novel support for TiO 2 immobilization. For the following study, Methylene Blue (MB) was chosen as the model dye to evaluate this novel immobilization system. The results showed that TiO 2 immobilized in a Ca -alginate bead retained its photoactivity during all of the experiments and the TiO 2 -gel beads presented good stability in water for maintaining its shape after several uses. When a proportion of 10% (v/v) of these beads was used, the configuration system demonstrated an improved mass transfer and consequently enhanced degradation efficiency. Experiments were also performed using 'recycled' beads. The results showed an increase in the degradation efficiency when the beads were reused, with an eventual 'self-destructive' effect. These studies showed great promise regarding the recyclable reagents with a reduction in waste at no greater cost or reduction in efficiency. Therefore, the potential of TiO 2 -gel beads as a simple and environmentally friendly catalyst for continuous use was developed.
INTRODUCTION
The treatment of wastewater from textile industries is a difficult process due to the synthetic nature of organic dyes.
The usual biological treatment in wastewater treatment facilities alone is not enough to remove these chemical contaminants resulting in a visible pollution (due to their characteristic color) and consequently a poorer water quality. To meet increasingly stringent regulations and to comply with future policies on disposal water quality, wastewater treatment plants have applied additional processes, like coagulation, filtration, or adsorption for the removal of these pollutants (Georgiou et al. 2003; Petrov & Stoychev 2003; Faria et al. 2004) . However, these processes just transfer these contaminants to a different matrix, rather than completely eliminating these chemicals. For this reason, photocatalysis using titanium dioxide (TiO 2 ) as a photocatalyst has been extensively studied as an alternative or, in some cases, additionally to conventional water treatment processes (Arana et al. 2002) . This catalyst has been used for numerous water treatment applications to remove organic and inorganic pollutants (Aguado et al. 1994) , to inactivate microorganisms (Rincó n & Pulgarin 2004), and to control the formation of disinfection byproducts (Bekbolet et al. 2005) .
Degradation of dyes by sunlight in the presence of titanium dioxide may provide a cost-effective industrial treatment method for contaminated water. The technology is attractive as solar energy is a renewable and sustainable energy source. The key problem of industrializing the technology seems to be the use of suspended TiO 2 particle, due its time-consuming and expensive process of separation doi: 10.2166/wst.2009.459 and recycling, and limited depth of penetration of UV light because of strong absorptions by both catalyst particles and dissolved pollutants. (Mahmoodi et al. 2007) . The above problems can be avoided by immobilization of the photocatalyst over suitable supports.
Many methods have been developed for immobilizing TiO 2 catalysts onto a solid support, for example, dip coating from suspension, spray coating, sputtering, sol -gel-related methods, and electrophoretic deposition. Also, different types of supports have been tested; for example, glass beads (Karches et al. 2002) , stainless steel (Chen & Dionysiou 2006) , aluminum , activated carbon (Guo et al. 2008) , silica (Vohra & Tanaka 2003) , and perlite granules (Hosseini et al. 2007) .
Systems which incorporate immobilization on a solid
surface are most popular due to their relative ease implementation (Santos et al. 2008) , although entrapment is one of the simplest methods used for cells and enzymes immobilization that can be adapted for TiO 2 immobilization as well. This method consists in the inclusion of these species within polymeric matrices. Alginate is a natural polymer extracted from different species of brown seaweed often used as a polymeric matrix for entrapment in biotechnology industry (Sarrouh et al. 2007) .
Therefore, the ability of Ca-alginate as a green support for TiO 2 immobilization has been evaluated in this study as well as its reuse, aiming at developing a new environmentally friendly immobilization system for large scale water treatment. For this purpose, methylene blue (MB), one of the most important dyes for textile industries, was chosen as a model dye to test this novel system. Titanium dioxide immobilization in Ca -alginate TiO 2 was immobilized by entrapment in calcium alginate beads (2.7 mm average diameter) by dripping an adequate volume of a solution 2% of sodium alginate (SG 1100 Saltgine, SKW Ltd, France) and 2.5 g/L of titanium dioxide (Titanium (IV) oxide, anatase powder, 99.8% (metal basis), Sigma Aldrich, Ireland) in a 20 g/L CaCl 2 , using a 19-G needle (1.5 inch) and a 10 mL syringe. Figure 1 shows the TiO 2 immobilized in Ca-alginate beads and Figure 2 shows a scheme of the immobilization method. The beads were maintained in the CaCl 2 solution at 48C overnight. Then, the beads were washed with distilled water, dried and introduced into the photoreactor.
MATERIALS AND METHODS

Dye preparation
Reuse of TiO 2 -gel beads
After each batch photoreaction the TiO 2 -gel beads were separated by simple filtration, washed with distilled water, dried and again introduced into the photoreactor.
Suspended titanium dioxide versus immobilized titanium dioxide
To analyze the efficiency of the TiO 2 immobilized in Ca -alginate, experiments were carried out using 0.25 g/L of suspended TiO 2 . Samples from the suspended TiO 2 experiments were stored at 48C for 48 h to allow for the TiO 2 to settle.
The photocatalytic system
An immersion well photochemical reactor made of Pyrex glass equipped with a magnetic stirring bar and a water IR-radiation and short-wavelength UV-radiation (,300 nm) were eliminated by a water circulated Pyrex glass jacket.
Samples (2 mL) were collected before and at regular intervals during the irradiation. The samples collected from the suspended TiO 2 experiments were left at 48C for 24 h to allow the TiO 2 to settle prior to UV -Vis analysis.
All experiments were performed at room temperature in a photochemical fume cupboard. The standard deviations never exceeded 5%, therefore, no additional statistical analysis was considered to be necessary.
Analytical determination
Absorbance measurements were performed using a UV-Vis spectrophotometer with variable wavelength detector (Cary 50 UV -Vis, Varian) to detect the degradation of MB.
Scanning electron microscopy (SEM) was performed with a Hitachi S-3000N scanning electron microscope. An acceleration voltage of 10 kV was employed.
Photodegradation evaluation
The degradation efficiency (%) was calculated as the ratio of decrease of MB concentration (abs) to initial MB concentration (abs) and multiplying by 100, in 1 hour.
RESULTS AND DISCUSSION
In order to analyze the resisting stress stability of the TiO 2 -gel beads in water, its diameter size was measured before and after each batch. It was observed that the beads diameter size kept constant in all experiments even after several reuses. This phenomenon suggests that the amount of calcium present in the system was enough to make the inter-chain associations permanent.
Aiming to obtain the best proportion of beads, different proportions were used in the same MB photodegradation system. Control experiments were carried out to examine the system behavior without light and to compare the novel configuration with the well known system using suspended TiO 2 .
The results shown in Figure 4 suggest that the best proportion studied is when 10% of the reactor volume is filled with beads (10% (v/v) of beads). It was observed that using this proportion of beads the system configuration was well mixed leading to a better mass transfer during the photoreaction. It is known that alginate gels imitate a semipermeable membrane through which low molecular weight water-soluble molecules can diffuse (Roopa & Bhattacharya 2008 ) and a better mixing could lead to a better diffusion of MB into the beads pores.
Experiments were carried out at the photochemical reactor using the optimum proportion of beads, obtained in previous experiments, without radiation from the mercury lamp or any natural or artificial light. It was observed that, even without light and consequently without photodegradation taking place, a decrease of the MB concentration occurs (Figure 4 ). It is due to the natural adsorption of the dye onto the beads. Alginate is already known as a natural adsorbent, it has been studied for removal of different chemical compounds such as heavy metals and dyes (Aravindhan et al. 2007; Lai et al. 2008) . Similar phenomena were also observed using different natural supports studied by others research groups such as rubber sheets (Sriwong et al. 2008 ) and chitosan beads (Li et al. 2008) . This result suggests that the photodegradation mechanism using the TiO 2 immobilized in Ca-alginate system is composed of two steps: the initial adsorption and follow-up degradation of the dye due to the immobilized TiO 2 photochemical properties.
The use of suspended TiO 2 provided better results than those obtained with TiO 2 immobilized (Figure 4) . Immobilization of TiO 2 on supports often reduces the efficiency of the photocatalytic process. The reduction in efficiency occurs as a consequence of reduction in area of the active surface after the immobilization. Even though, the immobilized system has several advantages as the possibility of scaling up the UV/TiO 2 process using an environmentally safe photocatalyst for processing of wastewater. The use of immobilized TiO 2 is economically attractive, it eliminates the need of a post-process filtration step to remove the powder photocatalyst from treated water to disposal, enables the simple reuse of photocatalyst and facilitates the photoreactor configuration as a consequence of the easier light penetration at the immobilized system.
In order to evaluate the possibility of recycling the TiO 2gel beads for continued use, experiments using the same beads 3 times, were carried out. Due to the preliminary results about beads proportion, all the following experiments were performed using the optimum bead proportion of 10% (v/v) of beads. Figure 5 shows the kinetic behavior of each beads use. An improvement on the degradation rate (C/C 0 ) was observed during the reuses. A possible explanation is that, in the first use, the dye could not penetrate the beads' pores easily, on account of MB relatively large molecular size (Chang et al. 2008) . Hence, the degradation occurred mainly because of the MB reaction with TiO 2 near the bead surface. the presence of TiO 2 and light. These abrasion effects were also observed for several authors using similar alginatebeads for different applications (Lee et al. 2004; Sarrouh et al. 2007) . This physical degradation made the beads surface, after the third use, rough with microchannels as could be observed in the scanning electron microscopy (SEM) ( Figure 6 ). Although this phenomenon occurs, the beads can still be used more times, the degradation process is slow and the surface lost is minimal.
Studies using immobilized cells in Ca-alginate beads
reported that they could be used up to 20 cycles in a packed bead bioreactor until its efficiency decreases (Kumar & Chandrasekaran 2003) . In this study, the number of cycles without lost in efficiency should be smaller due the degradation caused by the stirring and the TiO 2 photooxidation, although, only three cycles were studied. 
CONCLUSIONS
Titanium dioxide immobilized in Ca-alginate retained its photoactivity during all the experiments and the TiO 2 -gel beads presented good stability in water, retaining its shape after 3 times use. When a proportion of 10% (v/v) of these beads was used, the configuration system presented better mass transfer and consequently improved degradation efficiency. It was observed that the photodegradation mechanism using the TiO 2 immobilized in Ca -alginate is composed by two steps: the initial adsorption and the degradation of the dye due to the immobilized TiO 2 photochemical properties. Experiments demonstrated that the TiO 2 -gel beads reuse enhanced the degradation ratio.
This increase can be attributed to the increase of superficial area with eventual physical degradation of the beads.
The potential use of TiO 2 -gel beads as a simple, recyclable, thus environmentally friendly catalyst, has been shown. However, further work needs to be done in relation to the maximum loading capacity of the beads.
Additional studies may also look at the mechanisms limitations to improve the mass transfer and to better understand the relation between adsorption and photodegradation.
